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Abstract 

We consider the minimal 3-3-1 model with a heavy scalar sextet and realize, at the tree level, 
an effective dimension-five interaction that contributes to the mass of the charged leptons. In 
this case the charged leptons masses arise from a sort of type-II seesawlike mechanism while the 
neutrino masses are generated by a type-I mechanism. We also show that the parameters giving 
the correct lepton masses also accommodate the Pontecorvo-Maki-Nakawaga-Sakata matrix. We 
give the scalar mass spectra of the model and analyze under which conditions the fields in the 
scalar sextet are heavy even with small or zero vacuum expectation values. We also show the 
conditions under which it is possible to have a stable (bounded from below) potential and also a 
global minimum. 
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I. INTRODUCTION 


Although we have known since 2012 that there exists a neutral spin-0 resonance with 
properties (mass and couplings) that are compatible within the experimental error, with 
those of the scalar SM-Higgs boson DEI. these data do not exclude the existence of more 
fields of this sort. In fact, almost all the extensions of the standard model (SM) include 
extra scalar multiplets: complex [3] or real singlets |1H6], two |7] or more doublets |8], 
and Hermitian |9] and/or non-Hermitian triplets [T01 - 1T3] . Moreover, extra scalar multiplets 
usually are introduced in a given model just in order to give masses to the neutrino and/or 
charged leptons. Hence, they may have small vacuum expectation values (VEV). However, 
this usually implies that there might be light neutral scalars which can be easily ruled out by 
phenomenology. In two-Higgs doublets this is not the case when there is a positive quadratic 
term > 0, which behaves like a positive mass square term in the scalar potential. In 
this case such parameters may dominate the contributions to the masses of the multiplets’ 
members, which are almost mass degenerated, i.e. in the context of models with one or more 
inert doublets, see P] and [Tl] . 

The 3-3-1 models are intrinsically multi-Higgs models. For instance, in the minimal 3-3-1 
model (here denoted by m331 for short), the charged leptons gain mass from a triplet and 
a sextet and the neutrino gain Majorana masses only through the sextet HMZ]. On the 
other hand, in the model with heavy charged [IH] or neutral leptons [IH], only the triplets 
are needed, if right-handed neutrinos are introduced and the type-I seesaw mechanism is 
implemented. 

Because of the sextet, the scalar potential in the m331 becomes more complicated, for 
this reason it was pointed out in Ref. m that the sextet can be omitted if a dimension-hve 
effective operator, involving only triplets, is in charge of the mass generation of the charged 
leptons and neutrinos. The m331 model without the sextet was called the ’’reduced” m331 
model in Ref. |2Tj because only the triplets p and y are introduced. However, there are 
important differences between our model and those in Refs. [201121] as we will discuss in 
Sec. |V| Moreover, as in the case of the SM, the question now is, how does this effective oper¬ 
ator arise at tree and/or loop level [22ll2^ ? In the context of the m331 model, mechanisms 
for generating effective dimension-hve operators for the case of the neutrino masses were 
given in Ref. [SSj. However, in those works thePontecorvo-Maki-Nakawaga-Sakata (PMNS) 
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matrix was not considered. It is far from obvious that the same parameters that allow to 
obtain the correct lepton masses also accommodate a realistic PMNS matrix. We show 
that this is possible in the m331 model with a heavy sextet which implements a sort of 
type-II seesawlike mechanism in the charged lepton sector and, by introducing right-handed 
neutrinos, neutrino masses arise from a type-I seesaw mechanism. 

In fact, we show that the sextet is just a way to generate, at the tree level, the effective hve- 
dimensional operator proposed in Ref. [20] in order to give the charged leptons their correct 
masses. This happens if all helds in this multiplet are heavy and its neutral components 
gain a small (s^) or a zero (s°) VEV. We also study in this model the conditions upon the 
dimensionless coupling constants that imply a scalar potential bounded from below, with a 
global minimum as well. We obtain a realistic PMNS mixing matrix as well. 

The outline of this paper is the following. In Sec. [IT] we give the scalar representation 


content of the m331 model and the scalar potential of the model. In Sec. Ill we obtain the 
scalar mass spectra of the model under the conditions of Z7 ® discrete symmetries. In 


Sec. IV we obtain the charged lepton and neutrino masses and the corresponding PMNS 
matrix. Our conclusions appear in Sec. |Vj The conditions for a stable minimum, at tree 
level, of the scalar potential are obtained in Appendix In Appendix B we consider the 
Goldstone bosons in the model with exact mass matrices. 


II. THE SCALAR SECTOR IN THE M331 MODEL 


The scalar potential in several 3-3-1 models was considered in Refs. [261129] . Here, how¬ 
ever, we will study only the m331 model in the situation in which the sextet gain a small 
VEV, the extra scalars in the sextet are heavy, and there is no explicit total lepton number 
violation in the scalar potential, which is avoided by an appropriate discrete symmetry. 

In the m331 model the scalar sector is composed of a sextet S ~ (6, 0) and three triplets: 
V = (h° -Vivtr ~ (3,0), p = ~ (3,1), and y = (W W xT ~ (3,-1), 

where {x,y) refer to the {SU{?>)l,U{1)x) transformations. Only the triplet rj and the sex¬ 
tet S, 


S = 




P2 

5r- 

„0 

x/2 


4 \ 

P2 

P2 


( 1 ) 
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couple to the leptons through the Yukawa interactions and {'^lY'^lV- 

We can write the SU{3) multiplets above in terms of the SU{2) ones. For the triplets we 
write 


V = 




vl 


(3,0), p = 




P 


,++ 


(3,1), X = 




X 


(3,-1). (2) 


The sextet in Eq. Q can be written 

5 = 


as 


T 

^ F2 

Q- 

F 2 *^2 


, 5* = 


T* 

^ F2 
< 1*1 0 ++ 
F 2 *^2 


( 3 ) 


where <F* means the transpose of the doublet d)^. Under the SU{2) ® U{1)y group the 
multiplets ^n,p,x,s in Eqs. ([^ and (|^ transform as 


$ = 


$ = 


-Vi 




$ = 


X~ 

x~ 


$ = 


( 4 ) 


where these are doublets with weak hypercharge Y = —1,+1,—3,+l, and T in Eq. ([^ 


T = 


„0 *1 
U2 

<j4- 

^1 C-- 

V2 


( 5 ) 


is a triplet with Y = 2. The SU{2) singlets S'2'“ have Y = +2,+4, 0,+4, 

respectively. 

The total lepton number assignment in the scalar sector is 




+ 2 , L{^ri,p,s,X^) — 0- 


( 6 ) 


Notice that the only scalar doublet carrying lepton number is and both members of 
the doublet have electric charge; for this reason, (‘Fx) = 0 always. The existence of scalars 
carrying lepton number implies the possibility of explicit breaking of this quantum number 
in the scalar potential. It is possible to avoid such terms by imposing an appropriate discrete 
symmetry. We show one possibility in Table In the table, (5i,2 denote the quark triplets 
and Qs, the quark antitriplet, jmR and J are exotic quarks carrying electric charge of -4/3 
and 5/3, in units of the positron charge e. For more details, see Ref. |M] . 

Since the complex triplet T and the singlet (under SU{2)) carry lepton number they 
do not mix with *Ft;,p,x if there are no lepton number violating terms in the scalar potential. 
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^3 
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w2 
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w 

w 
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TABLE I: Transformation properties of the fermion and scalar fields under Here uj = 

and w= 

As we will show below, there is some range of the parameter space that allows {s\) = 0 and 
{s 2 )/vw -C 1, where vw = 246 GeV is the electroweak energy scale. In this sitnation the 
nentral scalar s? does not participate in the spontaneons symmetry breaking and S2 has a 
small effect on the vector and charged lepton masses. At this stage, active nentrinos are 
massless and the charged leptons gain a rather small mass. However, these scalar helds are 
heavy and the charged leptons gain the appropriate mass throngh the interaction with the 
triplet r] and an effective interaction involving the triplets p and y. Similar to the standard 
model a non-Hermitian scalar triplet generates, at tree level, the nentrino masses by the 
interaction {1/A)(jP(j)^vv throngh the exchange of a complex triplet [22] (see Fig. [^. 

The most general scalar potential involving the three triplets and the sextet is [30] 

V{r], p, X, S) = 1/(2) + + I/(^“) + ■ ■ ■ + (7) 

where 

C'"' = E AMX'X), 

^=V,P,X,S 

^ fl^ijkViPjXk + f2{x^S*p + p^S*x) + ^ €ijkemnl 

i/(4a) ^ ai(r/^r/)2 + a2{p^pf + a^ix^x)^ + X^xia^V^V + aspV) + «6(h^h)(pV) 
a7{x^v){v^x) + a8{x^p){p^x) + a9(hV)(P^h) + [aio(x^h)(P^h) + H.c.], 

= biX^Sxv + b 2 p^Spp + b^p^Slxp - px] + H.c., 

= ciTr[fiSfiS] + C 2 Tr[p^xA] + H.c., 

= d,{x^x)TrSS* + d2[{x^S){S*x)] + d,{p^v)TT{SS*) + d,TT[{S*p){p^ S)] 

+d5{p^p)TTSS* + d6Tr[(5V)(ptA)], 

p^(4e) _ ei(Tr^5*)2 + e2Tr(^5*5^*), (8) 

and we have dehned in the I/(^) and I/('^) terms Xij = CijkXk, with x = p,p,X- Notice also 
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that since S' is a symmetric matrix. The conditions for having a potential bounded 

from below in Eq. (|^, under the conditions in Table are given in Appendix [A} 

Concerning the vacuum alignment and the conservation of the lepton number L, Eve 
possibilities can be considered (see also Ref. PI) 

a) Explicit L violation and (s® 2 ) 7 ^ 0 arbitrary. This is the most general case and it 
has not been consider in the literature. 

b) Explicit lepton number violation in the scalar potential and (s^) = 0 and (s®) 7 ^ 0 at 
tree level, but {s\) 7 ^ 0 by loop corrections [TSIE2]- 

c) No explicit L violation and (s^) = 0 and (s^) = 0. Notwithstanding, the latter 
condition is not stable under radiative corrections unless a hne-tuning is imposed. 

d) No explicit lepton number violation but (s^) 7 ^ 0 and (s^) 7 ^ 0. In this case there is a 
triplet Majoron that has been ruled out by the Z invisible width [33] . 

e) No explicit L violation and {s\) = 0 but (s^) 7 ^ 0. Although L is conserved, there 

is violation of the family numbers In this case (s?) = 0 is stable at tree and 

higher-order level imiiH]. 

Here we will consider the last case, (e), with (s?) = 0 and {S 2 )/vw ^ 1- This case occurs 
if the constraint Vw = ^ uf = (246 GeV)^ (note that i = p,ri, si, S 2 ) is saturated with the 
and as in Ref. [31]. Moreover, as we said before, in order to simplify the scalar potential, 
we impose a Zj discrete symmetry which forbids the L violating terms, fs, fi, Uio, & 3 , C 2 = 0, 
but also the terms Ci and 61^2 are forbidden if we impose an additional discrete Z 3 symmetry. 
See Table HI 

III. SCALAR MASS SPECTRA IN THE MODEL 

Let us consider the scalar potential in Eq. ([^ with the Zy ® Z^ symmetries given in 
Table We make as usual = {l/y/ 2 ){vy -|- Xy + z/°), where y = ri,p,x and S2- The 
constraint equations, obtained by imposing that dV/dvy = 0, being V the potential in (|^, 
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under the conditions of the item e) above and considering all VEVs real, are given by 


2 I „ „,2 I I 2 I ^ „,2 , JL^p^X 


/i^ + CllVr, + —Vp + —V^ + + 


2 ^ 2 ' 


= 0 , 


2 I 2 I 2 I 2 I *^56 2 , f2Vs2)'^X 

+ <^2Vp + -V^ + + - ' 


2 ^ 2 ^ 


Vn 


= 0 , 


2 I ®4 2 I ®5 2 I 2 I > 2 I 

hx + Y'^r, + yY + + '^124^82 + 


{flVpVp + / 2 W,Jn^ 


''52 




24 + ^34^^ + + 2ei2< + 


d 


12„,2 


2V2vy 
f2VpVx 
2^/2v. 


= 0 , 


52 


= 0 , 


( 9 ) 


where we have dehned d^Q = 2d^ + d^, di 2 = 2di + ^ 2 , and ei 2 = 2ei + 62 - Notice that no 
VEV can be zero unless /i = /2 = 0. However, if this were the case, the scalar potential 
has a non-Abelian symmetry larger than the rest of the Lagrangian. Hence, /i ,/2 7 ^ 0 in 
order that the gauge symmetry of the scalar potential is the same as the other terms of 
the Lagrangian. In the case of the sextet, even if we had begun with /i| > 0 and Vg^ =0, 
the term /2 7 ^ 0 induces a tadpole which implies a counterterm leaving this VEV arbitrary. 
Hence, we assume /i| < 0 and Vg^ 7 ^ 0 but is small in the sense that Vg^/vw -Cl- In 
Appendix we show explicitly the Goldstone bosons. 

Here, we will consider the mass matrices of the CP-even scalars and other mass matrices 
in Appendix assuming that Vg^/v^ « 1. We also disregard some off-diagonal terms 
besides the ones from the assumption just mentioned, assuming that the respective diagonal 
elements are much bigger, to further simplify the matrices. In this approximation it is 
possible to obtain exact eigenvectors, but the case of the CP-even neutral scalars is more 
complicated and we will not consider here in detail. We show only that at least the two 
neutral scalars in the sextet are heavy. Analytical expressions, within the approximation 
above, of the masses and the eigenstates of the neutral CP-odd and the charged sectors are 
given. 
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A. Neutral CP-even scalars 


In this sector the mass matrix is 5 x 5 decompose, in the approximation used, into 
4 X 4 + 1 X 1, where the 4x4 matrix, in the basis (X°, X° 2 ), is given by 


/ 






I /ih’v 
QjQVrjVp 4“ 

402 «p - (\/2/l «7) -/2 «S2 ) t 

2«o 


+ a^VnV^ 


dsVpVs^ 

a^VpV-^ I [(2^5 + dG)VpVs2 + f2Vx] 
403.^P2/,.p.p-/2.p..2 l[/,^^+(2d,+d2K^;,] 

(2ei + ^ 




/ 

( 10 ) 

and the 1x1 part implies the eigenvalue is ml = ‘ie 2 v^^)vs 2 ‘^f 2 Vpv^ ^ 


which implies d2v‘^/4: — 2f2VpVx/vs2 > (2^4^^ — d^v'^p — 2e2vlJlA. Recall that /2 < 0. Here 
the mass eigenstates are denoted by m‘f, i = 1, ■■■ ,5. In fact, we can see that 
(l/4)d2'y^ — f 2 VpVx/vs 2 l hence, this is a large mass. One of them must be mainly that of the 
125 GeV discovery at the LHC. Although we have not given details, according to the results 
in Ref. [31], if Re = 0.42h + ■ ■ ■ this scalar has the same coupling with the top quarks 
that is numerically equal to that from the Higgs boson in the SM. 


B. Neutral CP-odd scalars 


The mass matrix in Eq. (Bl), in the approximation of subsection HI A, also decomposes 
in 3 X 3 and diagonal 2x2 matrices. The 3x3 matrix, in the basis (/°,/°, /°), is 




/ h^pVx 

/i^’x 

fl^P 

\/2Vri 

\/2 

\/2 

/l^'x 

h-VrjVx 


T2 

\/2vp 

P2 

fl'Vp 

fl'^v 

/ifp? 

\ V2 

V2 

\/2px 


( 11 ) 


This matrix has two zero eigenvalues and another nonzero one: 

Mf = M| = 0 

n/o/o. o\ oo\ 

-41? >0, /,<o, 


M'i 


h{vl{vl+vl)+vlvl) 

V2Vr,VpV^ 




( 12 ) 



















with respective eigenvectors given by the columns of the matrix: 


/ 



0 


\ \AI^ 


VrjV 


2 






\ x) -n^ p X 


^ri ^X 


^(t^2+^2)((^2+^2)^2+^2j, 



^'7^X 

_ Vr/Vp _ 

y (l>2+i;2)l>2+t,2^2 y 


The eigenvalues for the 2x2 part are M| and M|: 


( 13 ) 


M| 


f2VpVx 

2v. 
d^Vs 


»2 


> 0 , / 2<0 




Av. 


^2 


> 0 , 


2|/2|^^p > d2Vs^. 


(14) 


We see from Eqs. (12) and (14), that the three physical pseudoscalar helds are heavy and 
also induce the type-II seesawlike mechanism in the charged lepton sector. 


C. Singly charged scalars 1 


If the lepton number is conserved in the scalar potential ([^ under the conditions in 
Tableas we are assuming, the charged scalar mass matrix splits in two sectors {p'^,T]^, h+) 
and (x+,r?^,hj). 

In the basis (p"*", rif,h^), the mass matrix is 


/ 2V2fiVnV^-2agv': 


m. 


rj^P 


Av 


/l^x 


p 

dgVrjVp 

2 


/l^x 

x/2 


CigV'qVp 

2 


i ('2„,„2 _ 




0 

0 

'2Vsn 


\ 


with the following eigenvalues, 

m\i = 0 


^l2 = -^2 < 0 

2 _ (^p+^y) {a9VvVp-V2fiVx) 


m;3 = 


1 fi^v't’x 

V2 Vp 


> 0 , 


and the eigenvectors are given by the column of the matrix 


/ 


V 


0 


\AIWf \A|+y 

0 




y/'^p+^p \A|W 


0 


0 




According to (16), both physical charged scalar in this sector are very heavy. 


(15) 


(16) 


( 17 ) 
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D. Singly charged scalars 2 


In the other singly charged sector the mass matrix in the basis i ^t) 

( i (a,v,v, - V2f,v,) 0 \ 

i (ajtvo^ - V2fiVp) (ajv^ - 0 


Mi 


V 


V^{2f2Vp-\-d2Vs2Vx) 

4 itcr, 


the mass eigenvalues are, 


Ml, 

Ml, 

Ml, 


= 0 


‘^\f2\Vp > d2V 

) 2+«2 ) (a,VrjV^-^f-i Vp) 


'S2^X 


> 0 , 


with the following eigenvectors: 


( 18 ) 


(19) 


0 




V'^v+^X \/<+^ 

0 


\AI+^ \AI+" 


V 


0 


0 


/ 


Again, the charged scalar masses in this sector might be heavy [see Eq. (19) 


( 20 ) 


E. Double charge scalars 

The mass matrix in the basis (y"'”'", p^~^, Sl~^, S,^) is 

/ Vp(asvpv^-V2fiv^) , y /T^r \ 

— -^ 2 [(^sVpV,, - V2/in^) 

1 / /Hx ^ vJasVpVx-V2fiVp) 

2 [(^SVpVy, - V2fiVp) ^ 

0 0 - 

y 0 0 

and the masses squared of the helds are. 


M' 


++ 


0 

V^{2f2Vp+d2Vs2Vx) 


Av. 


^2 


0 
0 
0 

Vx(d2Vs2'i^x-'2‘hvp) 


\ 


Avs 


{ 21 ) 


MUi 

MU 2 

MU 3 

MUa 


= 0 


Vx{d2Vs2^X-‘2f2Vp) g 

AVsn ’ 


Vx{d2'Vs2'>’x+‘^f2^p) 

AVsn 


> 0 


( 22 ) 


(^agVpVx-V^fiVr,) 


> 0 , 
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with the respective eigenvectors: 


V 


0 

0 


0 0 




0 0 ' 


0 1 
1 0 


\AI+^ 

0 

0 


/ 


In this doubly charged sector, all physical scalars might be heavy. 


( 23 ) 


IV. THE LEPTON MASSES AND THE PMNS MATRIX 


The problem of the leptonic mixing matrix has already been considered in the context of 
some 331 models without quarks with exotic charge, right-handed neutrinos transforming 
nontrivially under SU{3)l, three right-handed Majorana leptons, and with flavor symmetries 
like T 7 [21], A 4 [H] and extra scalars transforming as singlets under SU{3). In these sort of 
models an S 3 [3S] symmetry is also used. Here, however, we will consider the m331 using 
only the gauge symmetries and also right-handed neutrinos as the extra degrees of freedom. 

As said before, the possibility that the lepton masses are generated by an effective di¬ 
mensional operator was presented in Ref. [20|. However, here we will consider the case when 
the sextet is introduced but its degrees of freedom are heavy enough to generate an effective 
nonrenormalizable interaction. This implements a type-H seesaw mechanism in the charged 
lepton sector. The latter situation arises when the members of the sextet are very heavy 
and one of the neutral scalars gains a zero VEV and the other one a small VEV. 

The Yukawa interactions are given by 

^ + p*x^)^b 

+ i'^aL){G‘')abl^aRV + iyanY pi) ahl'bR + iaYGaY^ jbSij + H.C., (24) 


where is a mass scale related to the origin of the dimension Eve interaction. The second 


term in the hrst line of Eq. (24), the dimension-hve operator, is generated by the loop in 
Fig.ig Notice that in Eq. ( [24j ) the interactions with the sextet appear and, although they 
do not contribute signihcantly to the charged lepton masses, the degrees of freedom in this 
multiplet might be exited at high energies. 
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We will assume, for the sake of simplicity, that Mr is diagonal and that msij = M > 
fnRi,^R 2 , and where M = diag(ri,r 2 ,1)) and ri = M/mRi,r2 = 

M/mR 2 - In this case we have the mass matrices in the lepton sector 




2 M “^a/2 A/ 


(25) 


If it is the sextet, through the interaction jbSij and the /2 trilinear term in the 

scalar potential involving p, y and S, then we have 1 /A; = f 2 /ml^ and G^ = G"^. 

These mass matrices are diagonalized as follows: 




(26) 


where = (imp(mi,m 2 ,m 3 ), = diag{me^mp^mT-). The relation between symmetry 

eigenstates (primed) and mass eigenstates (unprimed) are 1 'ir = and 

where Ir r = (e', p', t')I r, Il,r = (e, p, t)'I r and v'r = (z/e Ur)1 and vr = (^i z /2 z/s)^. 

In the following we assume ~ A; and, as in Ref. [3l], Vp ~ 54, ~ 240 GeV. The 


neutrino mass matrix is as in Eq. (25). Solving simultaneously the following equations: 


M:, = = (M0^ Vrmns = (27) 


where and M are dehned in Eq. (25), and Vrmns is the mixing matrix in 


the lepton sector (PMNS), the values for the charged lepton masses obtained are (in 
MeV) (me,m^,m.r) = (0.509648,105.541,1775.87) and for the neutrinos masses (in eV) 
(mi, m2, m3) = (0.051,-0.0194,0.0174) which are consistent with Am23 = 2.219x10“^ (eV)^ 
and Am 2 i = 7.5 x 10“^ (eV)^. These values for the masses arise from the following values 
for the Yukawa matrices: v^M = 0.33 eV, Gii = 0.109, G12 = 0.097, G13 = 0.101, 
G 22 = 0.09, G 23 = —0.02, G 33 = 0.0106 in the neutrino sector; and Gfi = —0.0453, G 12 = 
-0.0076, G ^3 = -0.0008, GI 2 = 0.0015, GI 3 = 0.0001, G ^3 = 1.84 x 10-^ G \2 =,G ?3 = 
Gi 3 = —0.00001 in the charged lepton sector. The only way to avoid the latter hne-tunning 
is to consider smaller, but in the context of the Ref. [21] this VEV is already hxed. 

We obtain for the diagonalization matrices 


/ 




-0.24825 -0.57732 0.77786 
0.73980 -0.40539 0.53698 
-0.62535 -0.70877 0.32647 




(28) 
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and 


VI ^ 


-0.00985 0.01457 -0.99984 
-0.31848 -0.94787 -0.01067 
0.94788 -0.31833 -0.01398 






/ 


V 


0.00501 0.00716 0.99996 

0.00261 0.9910 -0.00717 

0.99998 -0.00265 -0.00499 

lU 




/ 


(29) 


Notice that we have dehned the lepton mixing matrix as Vpmns = h£'which means 


that this matrix appears in the charged cnrrents conpled to W . We obtain from Eqs. (28) 


and (29) the following valnes for the PMNS matrix: 

( 

\VpMNs\ ~ 


V 


0.826 0.548 0.130 
0.506 0.618 0.602 
0.249 0.563 0.788 


(30) 


which is in agreement, within 3a, with the experimental data given in Ref. 


\VpMNs\ 


( 


\ 


0.795 -0.846 0.513 -0.585 0.126 -0.178 
0.205 -0.543 0.416 -0.730 0.579 -0.808 
0.215 -0.548 0.409 -0.725 0.567-0.800 




/ 


(31) 


and we see that it is possible to accommodate all lepton masses and the PMNS matrix. We 
do not consider CP violation here. 


V. CONCLUSIONS 

We have shown that even if we introdnce the sextet in snch a way that it practically does 
not contribnte to the lepton masses becanse of the small VEVs, and since its components 
are very heavy, it might generate the dimension-hve operator involving only the triplets p 
and X ill Eq- (24) trongh a process like the one shown in Fig. A similar operator can 
be obtained for the nentrinos as in Ref. [20], bnt here we prefer to introdnce right-handed 
nentrinos in order to implement a type-I seesaw mechanism. Moreover, in the charged lepton 
sector the mass generation is similar to the type-II seesaw mechanism indncing small masses 
for nentrinos throngh the exchange of a heavy non-Hermitian triplet [inHl2]. The existence 
of several mechanisms to generate this interaction in the context of the standard model have 
been shown in the literatnre [22fl24] . Notwithstanding, the effective operator in Eq. (24) 
can be originated by the effects of higher-dimension operators. 
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In our case, the sextet is introduced in the model as in the m331 model, and through its 
interactions with the other scalars in the scalar potential and with leptons in the Yukawa 
interactions, their degrees of freedom can be exited at high energies mainly in lepton colliders. 
Notice, that all extra scalars in the model are heavy except for two neutral scalars that 
correspond to the helds in a two-Higgs-doublet extension of the SM. We also show the 
conditions under which we have a weak copositivity of the scalar potential and generate the 
vacuum stability at tree level and a global minimum as well. It is interesting to study the 
same problem at the one-loop level. For instance, in a model with two doublets (one of 
them inert) taking into account a neutral scalar with a mass of 125 GeV, the stability of the 
vacuum was shown in Ref. |3H]; however, such analysis is beyond the scope of our paper. 

In order to obtain the correct mass for the charged leptons, besides the effective inter¬ 
action, it is necessary to consider the interactions with the triplet r]. For neutrinos, as we 
are considering that Vg-^ =0, we have introduced right-handed components to generate the 
type-I seesaw mechanism. With the unitary (orthogonal if we neglect phases) matrices that 
diagonalize the mass matrices in the lepton sector, it is possible to accommodate a realis¬ 
tic Pontecorvo-Maki-Nakawaga-Sakata matrix. The constraints on the masses of the extra 
particles in the m331 model coming from lepton violation processes will be considered else¬ 
where. In the present context we recall that it is the neutral scalar which has the larger 
projection on the neutral scalar with a mass of near 125 GeV. For details see Ref. [3T] . 

Finally, we would like to discuss the differences between our present model and those in 
Refs. [2D1 El]- Our model is the usual minimal 3-3-1 (in the sense that the lepton sector 
consists only of the known leptons) and the four scalar multiplets, three triplets, and one 
sextet plus right-handed neutrinos. Although the sextet has interactions mediated by scalars 


[see Eq. (24)], its neutral components do not contribute signihcantly to the lepton masses. 
The degrees of freedom in the sextet decouple at low energies; however, its interactions 
have to be taken into account for some phenomenology at sufficiently high energy. For 
instance, if this mechanism is implemented at the 100 GeV-lTeV scale, the interactions of 
the charged leptons with the left-handed neutrinos could have some signature at the LHG 
or other colliders. (See [39] and references therein.) 

In Ref. [20], only three triplets ri,p and y were considered, being the sextet avoided 
at all, with the charged leptons and neutrinos gain mass only through nonrenormalizable 
interactions. The model of Ref. EH is considered the so called ’’reduced” 3-3-1 model 
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with only the triplets p and y (with no rj and S at all). Therefore, for generating all 
the fermion masses they need, besides the usual Yukawa interactions with these triplets, 
nonrenormalizable interactions involving the same triplets. Although this is an interesting 
situation, the model with only the triplets p and y has experimental troubles if we accept 
the existence of the Landau-like pole. See Ref. BDl for a discussion of the 3-3-1 models with 
only two triplets, in particular the troubles with the “reduced” minimal 3-3-1 model m- 

Thus, in the limit of a heavy sextet, our model is a 3-3-1 model with three triplets and 
the sextet, but the latter one does not contribute to the lepton masses and almost not at all 
to the spontaneous symmetry breaking since its VEVs are zero or very small in the sense 
of Vs 2 /vw "C 1. The lepton interactions with the sextet and the interactions among all the 
scalars become important only at high energies. Our case is more similar to the type-II 
seesaw mechanism in which a complex heavy triplet is in charge of generating the neutrino 
masses [22] . 
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Appendix A: Stability of the scalar potential 


The scalar potential has to be bounded from below to ensure its stability. In the SM 
this is easy: we just have to ensure that A > 0 (this also ensure the existence of a global 
minimum). In theories that increase the number of scalars it is more difficult to ensure 
that the potential is bounded from below in all directions. The following cases are based 


on the copositivity matrix presented in Eq. (A2) below. Each case corresponds to different 


sign possibilities of the matrix elements. Also, for every case, all diagonal elements have 
to be positive. Here we follow Refs. uniig. The copositivity criteria only assure that the 
potential is bounded from below. In order to verify if there exist a global minimum, it must 
be be calculated only numerically. This is very complicated even for the case of the SM 
extensions with two [13] and three H scalar doublets. However, we show below that there 
is a global minimum in the scalar potential if some reasonable conditions are imposed. 
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A scalar potential has a quadratic form in the quadratic couplings in the form Aab(t>a(pli 
the matrix Aab is copositive it is possible to ensure that the potential has a global minimum. 
To do this analysis, we can ignore any terms with couplings with dimension, mass or soft 
terms, since in the limit of large held values terms with dimension smaller than four are 
negligible in comparison with the quartic part of the scalar potential V‘^. In addition, we 
will assume the conditions from Tabled so that /s,/ 4 , aio, &i, & 2 , & 3 , ci, C 2 = 0. Taking the 
potential in Eq. ([^ we redehne the triplets and the sextet as: 

= hi HjHj = (Al) 


where hfi, 2 , 3,4 = ? 7 , P, X; The parameters Vij and 6 ij are not physical parameters, ranging 
from 0 to 1 and 0 to 27r, respectively. They are used to analyze the four-held direction by 
demanding the maximization of the parameter space. Then, they should be set to values 
which allow the most parameter space. 

Rewriting the quartic terms of the potential in Eq. (|^, and using Eqs. (Al) and Table|^ 
we hnd that the matrix A in the basis {hi hi hi hi) is written as 


A = 


(A 2 ) 


/ Oi 06 + agrf2 a4 ds + d4rl ^ 

06 + agrl 02 05 + Ogrfg d^ + d^rl 

04 ayrl 05 + agrl 03 di + dgrl 
\d 3 + d 4 rl (is derl di d 2 rl 64 + 62 / 

In order to analyze the copositivity of the matrix A above we have to choose values for 
the Tij that minimize the entries of the matrix. For the oh-diagonal elements, which involve 
sums, two cases are relevant: if both coupling constants are positive/negative, the minimum 
comes from choosing = 0 ; if the constants have opposite signs, the minimum comes from 
Tij = 1. For the sake of simplicity, we will assume all coupling constants on each entry to 
have the same sign; therefore, we make all r^j = 0 and consider six cases for the copositivity. 

Below are shown the different conditions under which the potential is bounded from 
below. All indices are hxed and different from each other. Also, we want to 


remind the reader that all diagonal elements from matrix A given in Eq. (A2) should be 
positive to have copositivity. 

Case 1. All Aij positive. 

All couplings positive, and E = 61 + 62 > 0. 
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Case 2. Aij < 0 with i,j and the other entries positive. 

1. If 06 < 0 we have 0102 — Og > 0. 

2. If 04 < 0, then 0403 — a| > 0. 

3 . If 05 < 0, then 0203 — Og > 0. 

4. If d^, < 0, then aiE — > 0 . 

5. If dg < 0, then —d^ + a2E > 0 . 

6. If di < 0, then —d\ + a^E > 0. 

Case 3. Aij < 0, Aki < 0, and the other entries positive. 

1. If 05 < 0 and Oe < 0, we have 0402 — Og > 0 and 0203 — Og > 0. 

2. If og < 0 and dg < 0, then 0402 — Og > 0 and —d\ + a2E > 0. 

3 . If 06 < 0 and di < 0, then 04O2 — Og > 0 and —d\ + a^E > 0. 

4. If 04 < 0 and dg < 0, then 04O3 — o| > 0 and —d\ + a2E > 0. 

5. If 04 < 0 and di < 0, then 04O3 — o| > 0 and —d\ + a^E > 0. 

6. If Og < 0 and dg < 0, then 02O3 — O5 > 0 and —d\ + aiE > 0. 

7. If Og < 0 and di < 0, then 02O3 — O5 > 0 and —d\ + a^E > 0. 

Case 4 As in case 3 : A^j < 0, A^k < 0 and the other entries positive 

1. If 04 < 0 and 06 < 0, then 040g + (04O3 — o|)(o402 — Og) > 0. 

2. If 06 < 0 and dg < 0, then 04dg + A/^oao^^-^x^X—df+~a4^ > 0. 

3 . If 04 < 0 and dg < 0, then 04d4 + (04O3 — 04)(—dg + aiE) > 0. 

4. If Og < 0 and dg < 0, and a 2 di + a/ (02O3 — O5) [—d| + a 2 E] > 0. 
Case 5. Aij < 0, Ajk < 0, Aik < 0 and the other entries positive 
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1. If 04, 05, 06 < 0, then 


01O2 + 06 > 0, 01O3 + 04 > 0, ■sj 02O3 + 05 > 0, 

01O2O3 — 02O4 — 01O5 -|- 204O5O6 — 030g > 0 (-^ 3 ) 

2 . If 06, (^5, (^3 < 0 , then 

■\/O1O2 + Og > 0, (is + \f(i\E >0, (is + 02-E > 0, 

—02(i3 “1“ ^ciiQd^d^ — oi(ig -|- ( 01 O 2 — ^ 0 (-^^) 

3. If 04 , (ii, (is < 0 ,then 

•y/01O3 -|- 04 > 0 , (is -|- 'sj(X\E > 0 , di \l(I3E > 0 , 

2o4(i4(i3 — Oscig -|- (04O3 — (x^E — (i\d^ X> 0 (-^5) 

4 . If 05, di, (ig < 0 ,then 

y^0203 + O5 > 0 , (is + O2-E' > 0 , (ii + (I3E > 0 , 

—02(^4 4 “ 2 ,( x ^ did ^ — dsd "^ 020364 — 0^64 -|- 020362 — O562 > 0, 

(A6) 


Case 6. Aij < 0, < 0, An < 0, and the other entries positive 


1. If 04, Og, (is < 0, then 


O4O2 — Og > 0, O4O3 — O4 > 0, —(ig + aiE > 0, 

O4O5 — O4O6 + \J (04O3 — 0|)(0402 — Og) > 0, 

Oicis + \J (04O2 — (^i)!—*^3 ^ 0) 

Oj\d\ -\- \J (04O3 — (^4)[—(if 4“ (^i-i^] ^ 0, 


— ®l{—20204(i4(i3 4“ 0203 (i 3 — ®5C^3 4“ 2,(X/^(X^d^d^ — o^cig 

-\-(i2Ci^E 4 “ (^ 6 ( — ci^E^ 4 “ ‘2,(iQ{^ci^d\dy, -\- (X/^did^ — (isd^d^ — (X4.(i^E^ 

4“04(— ‘2,(i^d\d^ 4“ Oscig 4“ (^si^ 4“ 02((i4 — ^s-i^))} ^ 0 


(A7) 
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2. If as, ae, < 0, then 


^ 0? <^ 2*^3 — ^ 0? — d^ "h Cl2^ ^ O7 

a2a4 — asae + ^J (a2a3 — a5)(aia2 — al) > 0, 

— *^ 2 !— ci^d^ -\- 2,Q/4^Q/Qdid^ -\- QiQ^d^ — Q^d^ -\- Oj'^OjqE 

-\- a^al-E “h 2a5(— ci\d\d^ — a4ag-E') 

-|- Oj 2 \'^CL\d^ “h Oj^E — (X‘^(X\EY\ ^ 0 

3 . If a4, as, di < 0 , then 

aiaa — a^ > 0, a2a3 — ag > 0, —di + a^^E > 0, 

—a4as + clsCIq + ^ 0, 

— (X 4 ^d\ -\- l> 0, 

— *^3!—ag(i^ “h ‘2:Oj^ciQd\d^ “h ci\Oj^d^ — a^rf^ -h ci^o^E 
-\- a^ai-E “h 2as(— Oj\d\d^ — a4a6-E') 

-|- a2 “h Oj\d^ “h Qj^E — asai-E')]]- ^ 0 

4 . If di, (is, (is < 0 , then 

— d^ H" QjiE ^ 0, —(ig “h CL 2 E ^ 0, —(i]^ -h f^sE ^ 0, 

clqE + [~*^3 ai^/] [“(is + a2-E] > 0, 

a4£^ + Y^[~^3 ai^/] [“(i^ + ^ 3 ^/] > 0 , 

—(ii(is + as-E + Y^[~<^5 + ^^ 2 - 2 ^] [~di + ^ 3 ^/] > 0 , 
£'^{2a2a4(ii(i3 — a2a3(i2 H“ as^is — 2.ci^ci^d^d^ 4- a^(i^ — ci20^E 
-|-ag((i]^ — Oj^E^ -\- 2a6(— a^did^ — a^^dxd^ -h ci^d^d^ -\- a4as-E') 
—ai(—2as(ii^is *^3*^s *^5-® ~l~ a2((i]^ — as-E))]- l> 0 

The potential at the minimum is 

1 1 
^ = 2 + ^^yp + + yy) + ^ (flVnVpVx + f 2 V 2 VpV^) 

+ I (2^^2(261 + 62) + vl{ 2 d:ivl^ + aeVp + 04^^ + ai^)) 

+ 4 +*^2)42++ ^y)++deyy, 


(A8) 


(A9) 


(AlO) 


(All) 
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and since all VEVs are positive and /i, /2 < 0, if we impose that 04 < 0, 03 <C |a4| and 
00,01,05 < I04I, the potential is at a global minimnm independent of the sign of the other 


terms in (All), once they are negligible. 


Appendix B: Goldstone bosons 

In this appendix we present all the mass matrices for the scalars in the potential withont 
any approximation. When analytical resnlts are available for the mass eigenvalnes they are 
presented right below the mass matrix. We also present the Goldstone eigenvectors for the 
applicable matrices. 


1. Neutral CP-odd scalars 


Mass matrix Mf, in the basis (1° /° /° 1 ^ 2 ), is given by 


/ flVpVx 

\/2^77 


V 


_/iyx 

V2 

(^V2fiVn+f2Vs2)vx 

2 vp 


fl^P 

V 2 


flVy _ hVs2 

s/2 2 

Vp(^V2flVr,+f2Vs2) 

2 v^ 


0 ^ 
-Ihvx 

-IfiVp 

f 2 VpVx 

2Vs2 / 


(Bl) 


The mass eigenvalnes are denoted by m^, i = 1, • • ■ ,5. This matrix also decomposes 
into 4 X 4 + 1 X 1, and it has the following eigenvalnes. The eigenvalne for the 1x1 part is 
denoted by A5 and is presented below. 


Mf 

Ml 


Mi 


Mi 


Mi = 0 


+ vl) + v^vl] + hvpivl {v% + vl) + <n2]]' 


-A\f2fif2Vr^vlVs2vl[vlvlp + ^ 2(^2 + 

+\^hvs2 {vl {vl + vl) + vlvl) + f2Vp {vl {vl + vl) + vlvl) 

[V2fiVs2 {vl {vl + vl) + vlvl] + f2Vp {vl {vl + vl) + vlvDY 


4:Vr,VpV32'Vx 

-4:V2fif2V^vlvs2vl[vlvly + vl {vl + ] 

-V 2 fiVs 2 [vl {vl + vl) + vlvl] - f 2 Vr,[vl {vl + + vlv 

^{d2Vs2vl + 2divlvs2 - devlvs2 - 2e2vl - 2f2VpV^). 


(B2) 
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where we have dehned Vw = ^-vl+vl . We write explicitly only the Goldstone eigenvectors: 


= 


+ vl + v 




0 , 


'^X’ '^S2 1 


0)^ 


(B3) 


= 


/ 


\/vlv^ + v^p (v^ + vl) 




V(^"+«?2+^x) 

Vpy^V^ + v‘i^ + vl 

\J 


\ 


(B4) 


2. Singly charged scalars 1 


The mass matrix with the basis {p'^ Tj^ h^) given by 

/g, _ \{dQVpVs2 + 2/2 Vx) ^ 

I (^2a9'i;2 - -|d4t'„G2 

^41)^1)32(c*6'yp«S2+2/2'yx) 


f (2a91)2 - dg p) Pp - 2 ( v^/i +/2 Ds2 ) 

4i)o 


4-!;s 


/ 
(B5) 


The mass eigenvalues 

m+i = 0, 

where 


m+2 = 


SvpVpVs^ 


{A + B), 


m+3 = 


SVpVpVs2 


{A-B), 


A = VpVpVs2l(2a9(v^ + v^) + + -^,^ 2 ) “ M'^’p + ^'^ 2 )) 

-2t^x(v^/i^'^2K + ^p) + /2W(^'p + ^^2)))^ 

-4r;^(2a9t;^t;p(d4njn^2 “ vp{dp,vpV + 2 / 2 ^^)) 

+2y2/l^;^(^;p(d6^'p^'52 + 2/2t'x) “ d^v^Vs^) - diVpvl^{dp,VpVs^ + 2 / 2 ^^)) 
5 = 'i;^'i;p'i;,2[-2a9(vj + wj) - d^iv^ - v%) + deivj + 

+2v^[V2fiVs2ivl + vD + f2Vp{vl + vlj\ 

The Goldstone eigenvector is 


(B6) 


(B7) 


or 


V'"? + Pn + 'O'n 


-'pi 


Vp, Vs2j 


(B8) 
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3. Singly charged scalars 2 


The mass matrix is M '^21 with the basis {x^ vt ^t) given by 

i {divl + 2v^ (^ajv^ - 

V 


\{‘^f2Vp + d2Vs2V^) ^ 
ld4VrjVs2 

div'^Vs^-v^ {2f2Vp+d2Vs2 ^x) 


4 v 




/ 

(B9) 


The mass eigenvalues are 


Af_|_i — 0, Tf_|_2 — 


8VpVs2Vx 


[A' + Bl Ml2 = 


SVpVs^Vx 


[A' - B'] 


(BIO) 


where 


A' = l(vp(2f2Vp(vl + v^) - v,,Vx(2a7(v^ + v^) - d 2 {v% + nj) + d^iv^ + v%))) 

+2V2fiVpVs2{vl + + 4t;^ns2nx(^? + vl^ + nj)(<i4n^n^2(-2a7njn^ + d2v‘l^Vx 

+2V2fiVpVp + 2f2VpVs2) + 2vx{a7VpVx - ^2fiVp){d2Vs2Vx + 2 / 2 ^^))]^ 

S' = -Vp{ys2Vx{‘2a7(yl + nj) - ci2« + -yj) + + <)) - 2f2Vp{vl + nj)) 

+2v/2/it;pn^2(t;^ + (Bll) 

In this case the Goldstone boson is given by 


^2 = 


Vv'i + Vv + 


''X’ 


''r?? 




(B12) 
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4. Double charge scalars 


The mass matrix is with the basis *5'^^"'' *5'^"'") given by 


(M^ 


_ {-V^flVr, - f2Vs2 + asVpVy^) 
“ 2v^ 

^ (-72/in^ + f2Vs^ + asVpV^'^ , 

2/2 Vp + d2Vs2V^ 

272 

d2Vs^V^ 

272 ’ 

{-^/2flVp - f2Vs2 + asVpV^ 


= 


(M^ 


(M^ 


++m 


2v„ 


(M^ 


++J23 


df:,VpV, 


52 


(M^+)24 


272 ’ 

d&VpVs^ + 2 / 2 ^^ 


272 

2 ^ _ 26272 + d-6vlvs2 - V^{2f2Vp + d2Vs^V^) 


Av 


52 


(M^734 - 


(M. 


++J44 


2 ’ 

262^2 ~ daV^Vs^ + v^{d2Vs^v^ - 2f2Vp) 


4t? 


52 


(B13) 


This mass matrix has only one analytical eigenvalue: = 0. The respective Gold- 

stone boson is 


G— = 


\/vl + vl + Avl 


Vs, 


, -72n,2)' 


(B14) 
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FIG. 1: Tree-level realization of the effective dimension-five operator in Eq. (24) with heavy scalar 


sextet. 
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